Even casual observers of weeds have noticed that certain annual species are abundant in some years and less common in other years. Although reasons for this phenomenon are uncertain, many hypotheses could explain these observations. Explanations for differential abundance from one year to the next might include annual variation in crop type, time of seedbed tillage, previous year's seed production, herbicide efficacy, pathogen attack, and insect consumption. Another possible explanation involves "emergence percentage," the percentage of a weed's seedbank that emerges as seedlings each year. Emergence percentages often differ among species and, at least in some instances, also vary annually within a species (Roberts and Ricketts 1979; Stoller and Wax 1973) . Emergence percentage may be high in one year because most seeds lack dormancy, but low in another year because seed dormancy was maintained or induced, for instance, by a specific weather condition or event. To test this latter hypothesis, knowledge of a weed's emergence percentages over a series of years or sites would be necessary.
Emergence percentage is interesting not only from a natural history perspective, but also because it is a critical variable for predicting the population dynamics of annual weeds (Mortimer et al. 1989) . Despite the recognized importance of emergence percentage, it has been treated as a static variable in most models of weed population dynamics (Cousens and Mortimer 1995; Melander 1993) . That is, emergence percentage has been considered to be a rate variable that changes for different species, but not from one year to the next within a species. Accordingly, in these models the percentage of a species' seedbank that emerges as seedlings will be the same (e.g., 20% for sterile oat, Avena sterilis L. [Gonzalez-Andujar and Perry 1995]) regardless of potentially large yearly differences in weather during various seasons that could influence the behavior of the weed species. We do not criticize the use of static emergence percentages, as they represent the state of the art of weed population modeling. Instead, we suggest that as our understanding of the population ecology of weed seedbanks increases, dynamic emergence percentages should replace their static counterparts.
Emergence percentages are also important for investigations of economically based weed management decision aids (Lybecker et al. 1994 ; Swinton and King 1994). These decision aids project potential weed pressure based, in part, upon emergence percentages. If annual emergence percentages for some species vary appreciably and predictably, then decision aids could be modified accordingly, allowing for improved efficiency in weed management (Forcella et al. 1996) . A hypothetical example follows.
An annual grass and an annual broadleaf weed coexist at moderate densities in the same field. Both species have similar average annual emergence percentages, but each has a unique response (secondary dormancy) to microclimate prior to germination in spring or early summer. In an average year, both species would emerge at densities that require application of two herbicides, one specific to grasses and the other specific to broadleaf weeds. In contrast, spring weather during one year might induce secondary dormancy in the grass, resulting in high broadleaf populations relative to that of the grass. Timely prediction of the high broadleaf and low grass populations in the latter instance would permit fine-tuning of weed management, i.e., apply the broadleaf herbicide, but delay decision on grass control until some time after crop emergence, when grass infestation levels can be assessed. Although these decisions would achieve maximum efficiency where exact weed seedbank densities are known, they could also be used effectively when only relative ratings of weed density are known from the previous year. This latter type of information is commonly used by weed managers. To date, unfortunately, weed managers do not have a priori knowledge of forthcoming emergence percentages.
Emergence percentage may be governed by a species' sensitivity to induction of secondary dormancy. For summer annual weeds, this sensitivity is probably expressed sometime prior to potential germination in spring or summer, and it is likely governed by soil microclimate (Egley 1995; Taylorson 1987) . Temperature and water potential are known to regulate secondary dormancy of some summer annual weeds in laboratory environments. For example, Taylorson (1982) found that hydrated and non-dormant seeds of giant foxtail were induced into secondary dormancy when exposed to 35 C in the dark. When kept at this temperature for 0, 2, 4, 8, 24, 48, and 96 h, and then transferred to 20/30 C for 5 d, germination percentages were 56, 54, 57, 40, 19, 16, and 4, respectively. Thus, induction into secondary dormancy apparently was initiated between 8 to 24 h at 35 C. The relevance of this finding is that soil surface temperatures readily reach 35 C during spring in the Corn Belt (Gupta et al. 1983 ). Thus, these controlled laboratory results provide a clue to how field data can be analyzed with respect to seedbank emergence percentages and induced dormancy (Egley 1995) . That is, these results suggest that single-day events may play large roles in determining annual emergence percentages of summer annual weeds.
The laboratory results for giant foxtail also provide a basis for conceptualizing the variation in annual emergence percentages for summer annual weeds. The concept is illustrated in Figure 1, (Malone 1967 ). The different procedures were chosen for convenience. Based upon our collective experience with these methods, we believe that they may have affected the ease and speed with which samples were processed, but that they had no appreciable numerical influence on the results. Permanent quadrats were established within each plot. Quadrat sizes ranged from 0.1 to 1.0 m2, and the number of quadrats per plot ranged from 5 to 20, depending upon the equipment and labor available to each site investigator. Each quadrat was placed within 1 m of where 1 or more of the soil cores originated. Seedlings were counted and removed at least 3 times during the growing season so that the total cumulative seedling emergence could be calculated.
Both seedbank and seedling densities were calculated on a m2 basis. Emergence percentages were calculated by dividing cumulative seedling density by the density of sound seeds within the seedbank for each species in each plot (replication) and year, and then multiplying by 100. The average among-plot emergence percentage and standard deviation were calculated for each species. There were instances in which a few seedlings of a species were recorded in a plot, but no seeds were detected in the associated seedbank. Data from these plots were excluded from calculations of emergence percentages. These situations arose only for species with very low densities at a specific site. In other instances, seedlings or seeds were found in some plots but not others. The latter plots were also excluded from calculations of average within-site emergence percentages. Consequently, for some species at some sites, there were too few replications and thus too little data to calculate standard deviations.
Weather data were obtained for each of the 22 site-years. Data included daily air temperature, soil temperature at a depth of 5 to 10 cm, and precipitation. Values for soil temperature on various days were occasionally missing in some data sets. When this occurred, a regression equation was calculated for simple linear correlations of air temperature and soil temperature for 10 d preceding and 10 d following the omission. The regression equation then was used to estimate the missing soil temperature values based on air temperature.
Weather data sets for all sites containing certain species, such as giant foxtail, were examined for the first day during which average daily soil temperature (at a depth of 5 to 10 cm) reached 10, 11, 12 ... 20 C between April 1 and June 30. The maximum value of 20 C was chosen because average daily soil temperature at a depth of 5 to 10 cm rarely exceeds 20 C until July, at which time seedling emergence for most species is usually complete. Similarly, the 1st day during which soil (5 cm deep) water potential decreased to specific levels was recorded for all data sets. These levels were as follows: -0.1, -0.2, -0.3, -0.4, -0.5, -0.6, -0.7, -0.8, -0.9, -1, -2, -3, -4, and -5 MPa (Megapascals). MPa was estimated based upon relationships among daily soil temperature, daily rainfall, and soil type (Forcella 1993) .
Each temperature and water potential was considered a potential threshold correlate of a dormancy threshold. We use the term "threshold correlate" because our recordings of soil temperature (and estimated water potential) were based on temperature probes placed at 5 to 10 cm soil depth, which are the standard shallowest depths at which soil temperature is recorded at most weather stations. However, seeds of most weeds typically germinate and emerge only from the upper 2 to 3 cm of soil (Buhler 1995) , where daily soil temperatures in spring can be much higher than those at 5 to 10 cm. Consequently, the actual temperature thresholds that induced dormancy were higher than those recorded at 5 to 10 cm, which were used for correlations in this study. Because seeds of many small-seeded annual weeds germinate and emerge primarily from 0 to 2 cm soil depth (Buhler 1995) , daily temperatures of these soil layers may be more important in regulating plant behavior than those at 5 to 10 cm soil depth. Daily maximum and minimum temperatures at the soil surface were estimated from air temperatures (Gupta et al. 1983) . Soil temperatures at 1-and 2-cm soil depths were calculated based on estimated daily heat flux from the soil surface via a depth-specific normalized soil temperature procedure described by S.C. Gupta.1 Temperature estimates for these shallow soil layers were compared to observed temperatures (5 to 10 cm deep).
Results and Discussion

Average Emergence Percentages Within Locations
Seedbank emergence data were collected for 28 weed species across 22 locations or years (site-years). Average emergence percentages and associated within-site coefficients of variation (CV) for each species are listed in the Appendix. Emergence percentages of species that dominated the sites where they occurred varied relatively little from one plot to the next within a site-year. For example, CV of emergence percentages for giant foxtail, velvetleaf, common ragweed, common cocklebur (Xanthium strumarium L.), and tall morningglory [Ipomoea purpurea (L.) Roth] were consistently less than 50%. In contrast, CV of emergence percentages for less dominant species often exceeded 75%. We attribute much of this differential variability to sampling error. The typically high level of within-site spatial variability of lowdensity weed populations likely results in greater error when combining two population measurements (i.e., seedling density divided by seedbank density) in comparison to highdensity weed populations. This phenomenon can be illus- We recognize that the unequal variances associated with the average emergence percentages of the many species and site-years within our data sets may result in statistical difficulties and potentially introduce error. Nevertheless, in subsequent analyses where we relate environmental variables to emergence percentages, we chose to ignore within-site variation and characterize each site-year for each species by its straightforward, arithmetic, within-site, average emergence percentage. Our rationale for this approach was that the averages represented a summary statistic for one or more subsamples (plots) from each site or field; and fields, not subsamples, were our intended conceptual units of study.
Average Emergence Percentages Across Locations
The average percentage of a seedbank that emerged annually varied greatly among species and among years within a species (Table 1) . For species occurring at 3 or more sites, average emergence was highest for giant foxtail (31.2%), and lowest for prostrate knotweed (0.6%). Ranges of emergence percentages paralleled those for averages, with giant foxtail values ranging from 9.1 to 100% and those for prostrate knotweed ranging from 0 to 1.1 % among site-years. Among-site variation (CV) of emergence percentage was greatest (-110%) for common lambsquarters, common purslane, and common ragweed, indicating substantial effect of year and site on the percentage of seedbanks that germinate and emerge. In contrast, CV values were lowest (62 to 67%) for hairy nightshade, Pennsylvania smartweed, velvetleaf, wild buckwheat, and yellow foxtail. For these species, variation in emergence percentages was still high, but apparently not as affected by year and site as the former species. The lowest CV (62%) underscored the fact that emergence percentage is a highly dynamic characteristic of these weed species.
Emergence percentages reported in the literature generally agree with those in Table 1 . Emergence percentages of giant foxtail and common ragweed near Upland, Indiana, during 1989 were 55 and 42%, respectively, from the top 5 cm of soil that had been rototilled thoroughly to a 20-cm depth (Rothrock et al. 1993 ). Dividing these values by 2 would make them comparable to our data, which were calculated from 10-cm-deep soil cores. Thus, both corrected values (27.5% for giant foxtail and 21.0% for common ragweed) fall within the range of our observed values (Table 1) . In Britain, Roberts (1963) reported seedbank and seedling densities for common lambsquarters in 4 tillage systems. Emergence percentages calculated from these values ranged from 4.8 to 5.9% for deeply plowed (> 36 cm) soils, and 6.5 to 9.0% for more shallowly plowed (< 18 cm) [[4-chloro-6-(ethylamino)-1 ,3 ,5-triazin-2-yl] amino]-2-methylpropanenitrile) at 3.3 kg ai/ha-I was recommended. In contrast, when emergence percentages were -57%, the most profitable decision was rotary hoeing plus cyanazine at 3.3 kg ai/ha-'. These variable recommendations reflect the fact that as emergence percentages increase, potential weed densities and weed pressure also rise, which, in turn, necessitates higher levels of weed management.
As the requirement for efficiency in weed management becomes more acute in the future, more accurate estimates of annual emergence percentages will be necessary. More accurate annual estimates can be derived for some species based upon an understanding of the environmental cues that govern secondary dormancy of their seeds.
Environmental Regulation of Emergence Percentage
Distinct linear patterns were apparent between first date of occurrence of specific soil temperatures or estimated water potentials and emergence percentages of some species. Where patterns were observed between emergence percentages and dates of microclimate occurrence, they typically arose only with one soil temperature (using intervals of 1 C) or one water potential (using intervals of 0.1 MPa). These specific soil temperatures or water potentials were considered to be the threshold correlates for induction of secondary dormancy for the species with which they were associated. They are described for individual species in the following sections. We have emphasized 6 species for which we obtained 4 or more site-years of data. For the remaining 9 species with 3 data sets (3 site-years) each, we only briefly mention possible thresholds and relevant literature.
Giant Foxtail
A distinct curvilinear relationship occurred between emergence percentages of giant foxtail and the 1st day that average daily soil temperature at 5 to 10 cm soil depth reached either 16 or 17 C (Figure 2a) . Relationships between seedbank emergence percentages and first dates of occurrence of any temperature lower than 16 C or higher than 17 C appeared random. These results suggest that at the time soil (5 to 10 cm soil depth) reaches 16 to 17 C, conditions within the giant foxtail seedbank are appropriate for induction of secondary dormancy. Seeds that germinated before this time may result in emerged seedlings, but seeds that had not germinated by this time probably become dormant. The relatively small percentage of seedbanks that germinated and emerged at sites experiencing early incidences of 16 to 17 C soil temperatures may have arisen from (1) deeply buried seeds that escaped induction into secondary dormancy, (2) seed biotypes insensitive to secondary dormancy induced by high temperature, and (3) very early germinating seed biotypes.
Maximum daily air temperatures of about 26 C occurred at the time average soil temperatures at 5 to 10 cm soil depth reached 16 to 17 C. Estimated maximum soil temperatures (Gupta et al. 1983 ) at 0, 1, and 2 cm soil depths were about 33, 25 and 24, respectively, at this time. These shallow depths correspond to the soil depths from which most giant foxtail seeds germinate (Buhler 1995) , and the associated surface temperature corresponds to that (35 C) known to induce secondary dormancy in giant foxtail under laboratory conditions (Taylorson 1982 
Wild Buckwheat
A distinct relationship was apparent between the percentages of wild buckwheat seedbanks that emerged and the first day that average daily soil temperature at 5 to 10 cm soil depth reached 11 to 13 C (Figure 3a) . There was no relationship between seedbank emergence and any temperature lower than 11 C or higher than 13 C. These results suggest that wild buckwheat has a lower threshold for induction into secondary dormancy than does giant foxtail. This prospect is reinforced by the observation that seedlings of wild buckwheat emerge earlier in spring than those of foxtails (data not shown). Similarly, in Michigan, wild buckwheat is not a problem where soils are tilled in May after the soil has warmed; it is a problem only in sugarbeet (Beta vulgaris L.) fields, where soil is tilled by April 15 and is still cold (K. A. Renner, unpublished data).
Pennsylvania Smartweed
The relationship between Pennsylvania smartweed emergence percentages and the 1st day that average daily soil temperature reached 10 C (Figure 3b 
Common Lambsquarters
The microclimate threshold variable that accounted for most variation of emergence percentages of common lambsquarters was soil temperature at 16 C. The relationship was log-linear (Figure 4a) , but not strong, with only 26% of the observed variability (P < 0.05) being attributed to the threshold temperature. Nevertheless, the relationship may have some validity based on greenhouse and laboratory investigations. Common lambsquarters seeds kept in darkness in a Kentucky greenhouse lacking temperature regulation apparently were induced into secondary dormancy during May (Baskin and Baskin 1977a). Light exposure tended to prolong non-dormancy, but by June most light-exposed seeds were also dormant. Common lambsquarters buried in field soil in the Netherlands and periodically retrieved for germination tests in the laboratory entered secondary dormancy at the same time soil temperature at a depth of 10 cm rose to about 15 C (Boumeester and Karssen 1993). In these experiments, however, secondary dormancy could be alleviated by laboratory exposure of seeds to nitrate, light, water, stress, and various temperature regimes, underscoring the fact that secondary dormancy for some species is a complex process (Baskin and Baskin 1977b ). In the related species, perennial goosefoot (Chenopodium bonus-henricus L.), laboratory studies indicated that dark exposure of hydrated and nondormant seeds to 29 C for 4 d induced secondary dormancy (Kahn and Karssen 1980) . Exposure of seed to water potentials of -0.86 MPa also induced secondary dormancy in this species, but the intensity of the response was not as great as with high temperature. Exposure of seeds to light negated any effects of high temperature or low water potential. These effects of light and dark on dormancy may explain some of the variability observed for common lambsquarters emergence percentages in our study. However, all of our sites were plowed, so most common lambsquarters seed probably would have been buried (Buhler 1995) and shielded from light, except, perhaps, during secondary tillage in spring.
Redroot pigweed (Amaranthus retroflexus L. ) and other pigweeds
Non-dormant redroot pigweed seeds kept in a Kentucky greenhouse lacking temperature regulation apparently could not be induced into secondary dormancy (Baskin and Baskin 1977a). Similarly, in our study there were no obvious soil temperature thresholds for induction of secondary dormancy of pigweed. However, a poor relationship was found between the percentages of pigweed seeds that emerged and the 1st day that daily soil water potential decreased to -0.5 MPa (Figure 4b Other Species ( A possible soil temperature (5 to 10 cm soil depth) threshold that may have induced dormancy in common purslane was 19 to 20 C, but only three data sets were available for analysis and no supporting documentation could be found in literature sources. No obvious microclimate thresholds were detected for kochia, yellow foxtail, or wild proso millet. In contrast, abundant literature exists for velvetleaf dormancy. However, secondary dormancy may not be relevant for this hard-seeded species (Taylorson 1987) . Variation in annual emergence percentages for hard-seeded species may be due simply to scarification by tillage, microbial degradation of seed coats, or to environmental cues in spring that break dormancy rather than induce it.
Weed seed dormancy in general, and secondary dormancy in particular, are complex phenomena (Simpson 1991; Taylorson 1987) . Some weed species, especially those with hard seeds (Taylorson 1987) , may not exhibit secondary dormancy. Moreover, even for species with pronounced secondary dormancy, several environmental variables may interact to induce dormancy or restrict seedling emergence in other ways, e.g., tillage, light, phytochrome, and interference by earlier-emerging species (Taylorson 1987) . Consequently, the single-factor thresholds that we observed for giant foxtail, green foxtail, Pennsylvania smartweed, wild buckwheat, common lambsquarters, and pigweeds should be viewed with caution. Indeed, in preliminary studies (Forcella 1992; Forcella et al. 1992) we speculated that emergence percentages and secondary dormancy were governed by weather variables that spanned 10-to 30-d durations. We now view those data interpretations as naive, and we have little doubt that our current observations will also be modified as we learn more about the ecology of weed seedbanks. For example, Dekker et al. (1996) recently suggested that "germinative capacity" of giant foxtail may be regulated by 3 separate but interacting effects of whole seed, excised caryopses, and isolated embryos, each of which may be governed by differing environmental events. Lasdy, superimposed upon these physiological complications for interpretation of emergence percentages is the error arising from sampling of seedbanks and seedling populations in natural field settings. Consequently, we prefer to think of our results as working hypotheses to be used as rules of thumb until they are superseded by a more thorough understanding of weed ecology. Despite these problems, however, we believe that we have made some progress on this topic.
Our regional study of weed seedbanks and seedling emergence showed that emergence percentages of summer annual weeds were not static from one year or site to the next. Instead, they changed annually. In fact, annual variation in emergence percentages often was quite large for most species. Furthermore, variation in annual emergence percentages for some species apparently occurred in response to environmental thresholds. For example, thresholds for giant foxtail and Pennsylvania smartweed were associated with soil temperatures, at depths of 5 to 10 cm, of 16 and 10 C, respectively. That is, when soil temperature first reached the threshold in spring or summer, secondary dormancy was induced, and little further germination occurred for that year. Independently derived data substantiated these observations.
These results help to explain the commonly observed annual variation in dominance of summer annual weeds in agricultural fields and elsewhere. Moreover, these results may guide weed biologists and developers of weed population and management models in determining correct ranges of values to use for annual emergence from seedbanks of several species. More accurate predictions of weed populations may be possible for species whose environmental thresholds were quantified and confirmed by laboratory tests, e.g., giant foxtail. These latter results may be especially applicable because giant foxtail is the most important grass weed in the Corn Belt.
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